the insulating layer. However, what we know is that probably down feathers were not the original feathers. I think it has been argued in several papers, especially in the early Swiss and German literature (e.g., Becker, 1959; Lucas and Stettenheim, 1972) , that the original feather may be more generalized like a semiplume or a semi-bristle. It makes much more sense to imagine a feather to be at least somewhat vaned because a downy feather does not need the complex hydraulic skeleto-muscular system that contour feathers have. I think that the original feather had multiple functions, though I still maintain that it's primary function must have been an aerodynamic one. But, at the same time, as a side effect, it probably also started very soon to have some function in thermoregulation, for which, however, the complex hydraulic skeleto-muscular system is not necessary.
MADERSON: Would any of the other persons to whom that question was addressed like to respond? PORTER: I certainly agree with Dominique (Homberger) . Down comes in many different forms and certainly, if it is dense enough, you can get a lot of protection. In fact, if it got really, really dense, you would probably lose some of the insulation and probably get a lot more abrasion protection for the skin, or water repellency, or exclusion of dirt from the down. So there is a whole range of physical functions that are not necessarily mutually exclusive. Are you going to go on to the second part of the question about raising and lowering feathers?
MADERSON: By all means, Warren (Porter), you go on with that. PORTER: Okay. Maybe I should not hog the microphone. Blair (Wolff), do you want to say something?
WOLF: You mean about raising and lowering the feathers and how that would affect heat transfer?
PORTER: [encourages Blair (Wolff) to speak]. WOLF: I think there are data in the literature (Walsberg et al., 1978) showing that raising and lowering the feathers can affect plumage conductivity by 25 to 30%. Although down feathers are deep in the plumage, I do not know whether they would have that kind of functional significance in creating a greater layer of unstirred air in the system itself. I think that downy feathers, being closer to the skin, may retard free convection somewhat. As Warren (Porter) has said, if they are really dense, greater conductivity through the feathers could actually reduce the insulatory effect.
MADERSON: Do you wish to respond to that Warren (Porter)?
PORTER: I would just like to elaborate a little bit on what Blair (Wolff) said. If you have elements that are lying fairly flat, one of the things that the raches do is to raise the insulation above the skin so that you have the potential for a great deal of convective flow at the skin surface. Furthermore, because feather tracts on birds are limited to relatively small areas of the skin, you have a lot of bare surface area. As long as the bird is resting and those feathers are sealed off, you do not have substantial free convection and easy convective movement-it is all conduction and radiation processes within the feathers. However, the minute the bird begins to open those feathers, or in flight, as the feathers are working like bellows, you could get a fabulous, huge transport of heat by both evaporation and convection processes. Also, if the feather elements are opened by feather erection, you can also significantly increase the radiant transfer. Normally, in a depressed feather condition, most of your heat transfer is going to be by conduction, maybe up to 80% or more. But when you start opening that up by erection, the infrared radiation transfer from the skin, which is typically much warmer than the environment, now occurs directly between the skin and environment rather than by short distance radiant exchange between elements in the feathers. This substantially increases the radiant exchange and yields a greater total heat transport. So there are really substantial advantages to having those piloerection capabilities.
MADERSON: Are there any further comments from the audience on that particular matter? There being none I would like to move on to a slightly different track. As a non-palaeontologist I have been particularly fascinated by the number of comments that we have heard from people with specific palaeontological expertise. We have asked Phil (Currie) if he would be prepared to respond to some of these comments, and he has graciously accepted. So, Phil (Currie), I would like to ask you to walk up to the microphone and say your piece, and I will try to keep the peace.
[Laughter-the very tall Phil (Currie) walked up to the very low microphone and indicated his difficulty].
MADERSON: We are not asking for humility [More laughter] CURRIE: I do not have anything prepared as I was just asked to do this only a few minutes ago. However, a lot of the comments that have been made in the last few days have been made by people who do not necessarily agree with my observations on the Chinese material. I think everyone agrees that this is remarkable material. It is very well preserved, and there is a lot of it. Sometimes you may get the impression that we are talking only of one or two specimens. Several people have pointed out that there are over a thousand specimens of Confuciusornis. Nobody has any doubts about it-it is a bird, and everybody agrees those are feathers on the body. There are three specimens of Sinosauropteryx. There are now four specimens of Caudipteryx. There is one specimen only of Protoarchaeopteryx, and there are several additional specimens that are being prepared right now and which are also quite remarkable. These are the feathered dinosaurs. Now, it is fine to argue that these things may or may not be protofeathers, but it is something that we cannot determine by looking only at photographs. This is going to take a long time to work out.
There is no question that in Sinosauropteryx those things, those fibers, are different from bird feathers. Period. And this little animal, Sinosauropteryx, is a fairly primitive coelurosaur, so, you would not expect to see feathers on it. What I can tell you, though, is that they do not lie parallel to the backbone in all places. In most places, they are angled away from the backbone, as you would expect to see them. Even if they were lying down beside the backbone, that is not inconsistent, because you do not see animals running around with feathers and fur sticking straight out from their body.
A second point that I think really has to be made, is that those feathers (or protofeathers, or fibers, or integumentary structures, or whatever you want to call them) are not restricted to the margin of the body. Now, if you look at the Confuciusornis specimens, the feathers look the same. When these animals died, in most cases where the feathers (or fur, or other structures on the epidermis) directly touched the muscles, skin, and other soft tissues, they generally rotted away. What you normally end up with is a skeleton with a halo of feathers around it, if it is a Confuciusornis. Or it is a halo of these feather-like structures in Sinosauropteryx. Or, in the case of the one mammal that has been found at the site now, it is a halo of fur around the outside. That is normal. It does not mean that they are never preserved because many of the Confuciusornis specimens do show feathers on the lower side of the body-if you look between the ribs you can see them. The Sinosauropteryx specimens (again, there are three of them) also show this. We have identified fibers associated with the tibia. And we have identified them associated with the front limb on one of the specimens. They are definitely on the lower side of the ribs on one of the specimens. I would argue that the rib that Larry (Martin) looked at did not have integumentary structures inside of it. I went back and looked at that specimen and I could not determine for sure whether it was a right rib or a left rib. But I am pretty sure that it is on the down (lower) side of the body. Hence, it was on the outside of the body, and not inside.
Another thing should be pointed out. When you look under a microscope, you walk away with the very clear impression that there are two sizes of fibers. That led us to the conclusion that each ''protofeather'' is probably a simple, branching structure. The thicker fibers are very close to the body and are more or less parallel to each other where we can see them. And then you have the more hairDownloaded from https://academic.oup.com/icb/article-abstract/40/4/695/101820 by guest on 30 October 2018 like ones that are further out from the thick ones. We are doing the work on this now. It takes a long time. Specimens require a lot of preparation, all of it done under a microscope. Obviously, we need to do a lot of sampling.
I also wanted to say that listening to a lot of the talks you certainly get the impression that there is not much evidence to suggest that dinosaurs are ancestral to birds. Regardless of the feathers, we have a tremendous amount of anatomical information that I think is very hard to explain unless birds and dinosaurs are related. Even if it is distributed among different taxa, these are all coelurosaurian dinosaurs (small theropods). When you look at these features, and all you have to do is to go and look at them yourself, then these animals are remarkably like birds. And there are no other taxa that have so many bird-like characters. I am not going to get into the details of this, because it just becomes overwhelming, and a lot of work has gone into this in previous years. What I am leading into here is Caudipteryx, the latest one that was published last summer in Nature (Ji et al., 1998) . It caused Henry Gee (Managing Editor of Nature) to say that the argument was over. Several people here have argued that Caudipteryx is in fact a flightless bird. Well, I do not care if you classify it as a bird or a dinosaur. I have no stake in this thing. The point is that if you look at the anatomy of that animal, 42 of the 44 characters that we published were as primitive as, or more primitive than, Archaeopteryx. If we consider Archaeopteryx as the most primitive bird, this thing is more primitive than Archaeopteryx. Now, if you want to redefine birds osteologically to take in Caudipteryx, then what you do is to take the definition down very deeply into the Coelurosauria. And, by doing that, a lot of coelurosaurs that we are familiar with will suddenly become birds. Okay? Now that is fine, but if you want a pretty strong line of evidence to show that birds came from theropods, then add a lot of theropods to the class Aves. Do I make my point on this? It is something that has to be considered.
Just one anatomical comment, there were a lot of suggestions that birds came from quadrupedal animals. We certainly have lots of quadrupedal dinosaurs. I would never argue that any of the coelurosaurs were quadrupedal animals. But one thing you can see very clearly is that animals like Velociraptor, Deinonychus, and some of the oviraptorids, have a glenoid structure that would also allow them to move their arms sideways. Larry (Martin) has access to a very nice little Saurornitholestes specimen right now. I believe the scapulo-coracoid is well preserved on that. You should take a close look at that one. . . MARTIN (interjecting): I sure did, I would not have made my statement if I had not checked that first.
CURRIE: Just one final comment is that it seems in a lot of cases, us dinosaur guys get all tied in together as rabid cladists who all believe that bird flight originated from the ground up because we believe in the dinosaurian origin of birds. It does not mean that. First, one of the arguments was that no dinosaurs were small, and they were unlikely to climb trees. There are quite a few very small dinosaurs now. Small animals generally are not well preserved and are not often recovered. It has only been in recent years that we realized how many small dinosaurs there are, and Scipionyx is a classic example. It is a very, very small animal. The whole specimen is about 420 mm long. Granted it is probably a juvenile, but that has not been proved yet. An argument was made at the symposium that the animal that has been called Rahonavis is a chimaera and that part of the specimen is a dinosaur. But part of the point of that was that part of that specimen is a dinosaur. Well, if that is true, that is a very small dinosaur as well. Secondly, many of the dinosaur people who do believe that birds came from dinosaurs do not agree with the idea that flight originated on the ground. There is nothing wrong with putting a dinosaur up in a tree. It probably happened, but that is the sort of environment that will not necessarily produce fossils. It is a little bit of a silly argument, because we have no proof one way or the other. That is fine. The only thing I wanted to say to is, don't think, because most of us agree that birds came from dinosaurs, that we are arguing all the same way in terms of how flight originated and how feathers did.
I would like to make a plea. With the Chinese material, and there is so much of it right now, we have a tremendous amount of new evidence for the origin of flight and for the origin of feathers. I would say, let's get over some of these silly little arguments that we are in right now-I will not even say which ones at this point. Let's get on with it, because these specimens are telling us something about both of those problems. And these problems are a lot more interesting than arguing about nodes on a cladogram. Thank you.
MADERSON: Phil (Currie), before you leave the podium, I am going to exert my prerogative as Chairman. As I indicated yesterday, after having spent my life studying reptile skin, I am absolutely delighted to find it appearing as a matter of considerable debate in the public court. I would like to ask you a technical question, particularly because we have Paul (Davis) here with us. Do we have any way of knowing what possible time continuum is represented in the locality with this Chinese material? I do not assume that they were all fossilized on the same afternoon-one would not know that But what interests me is that you have just emphasized there are several hundred bona fide birds which are very clearly categorized by the presence of feathers. There is quite unequivocal evidence that the matrix will preserve presumably ␤-keratinized epidermal derivatives. You have also emphasized that you have only a few specimens of Sinosauropteryx and of the other more recent genera where the nature of the integumentary impression does appear to be much less clear cut, shall we say, than in the birds themselves. So, I would like to hear Paul (Davis) comment on this in light of his studies of the nature of the biochemical microbiological mecha-nisms associated with the preservation of these materials. Have you had an opportunity to respond to these, given your knowledge of the nature of the matrix in that site. I do not how the two of you might prefer to cope with this matter-I just hope that you will.
CURRIE (Martin) would agree with this, but in terms of the animals and plants that we find in that site, a Latest Jurassic age is probably logical. Time will tell where it is going to settle down. I think it is pretty clearly a little later in time than the Solnhofen limestone-it has to be. However, maybe we will be surprised on that, too-who knows?
In terms of how long the deposition took place, I do not think very long at all-less than two million years. It is succeeded by other formations which also have birds in them and, of course, dinosaurs. They are clearly more advanced, and they represent much younger times. At the main package of rock at the main site, the work is in progress right now. There have been arguments made suggesting that within that package, you are seeing evolution take place. I do not think it has been borne through by the work that is being done by the Chinese right now. They are finding all these animals at all levels in that formation. I think it does represent a restricted period of time. Paul [Davis] , did you want to add something? DAVIS: Phil (Currie)'s comment indicates that a mammal has been found in the Chinese deposits, from this I can foresee a problem that the evidence from the ''feathers'' might be equivocal.
There are even fewer deposits that preserve mammalian hair than preserve avian feathers, even though both are forms of keratin. However two localities that do preserve both hair and feathers are the Eocene deposits from first, the Green River Formation in Wyoming, USA, and second, from Messel in Germany. In both, fossilized bacteria are evident as the replicating mechanism for both hair and feathers. The problem is that because fossilized bacteria are also known to replicate other vertebrate soft tissues and integumentary structures, e.g., ''skin'' outlines of ichthyosaurs from the Jurassic Holzmaden deposit in Germany, such are not therefore unequivocal evidence of presence of keratins. However there is one style of preservation of feathers-namely preservation by a bacterial glycocalyx which is unique to feather fossilization.
The Chinese deposit is likely to preserve hair and feathers as fossilized bacterial ''pseudomorphs'' as do other localities that have both. Therefore the bulk of the evidence will be equivocal as to whether the dinosaur ''feathers'' really are ''feathers.'' One ray of hope is that deposits that preserve both hair and feathers also have (as a much rarer component) bacterial glycocalyx preservation of feathers. As this is unequivocal evidence indicating ␤-keratins, i.e., feathers, we might be able to state definitely whether any integumentary structure in these Chinese dinosaurs is actually a feather whatever its morphology. Collagen preserves in an entirely different manner. Thus, if the bacteria are present on the feathers, we can expect to find the glycocalyx on them, and we will be able to identify some sort of keratin as opposed to its being collagen. This is something to be looked for in the future, and I know that Phil (Currie) is currently undertaking some of this work. We must now wait for the results.
MADERSON: I think we have dealt with that particular issue. Thank you very much Phil [Currie] . Please return to the microphone if you have any other comments that come up later. We have moved gently into certain aspects of the molecular and cellular structure of skin. We have several specific questions that will probably be relatively brief but need to be settled. Roger (Sawyer) addresses one that also occurred to me:-''The beard of the turkey, does it express ␤-keratin?'' Does anybody know? I had never even seen a picture of it until Peter's (Stettenheim) talk yesterday. Would you care to comment? STETTENHEIM: I know nothing about the keratin of the beard. Others may have looked at that-I talked with Alan (Brush) and a couple of other people but I do not think anyone has yet analyzed those fibers.
HOMBERGER: I looked at the beard of the turkey, and I have looked at many other keratinous structures in mammals and birds, especially comparing ␣-and ␤-keratin structures. If you look at the beard of the turkey, it is most probable that it consists of ␤-keratin (see Appendix One). I have not studied its biochemistry, but I cannot imagine ␣-keratin making these long, stiff, hard bristles. The microstructure of these long filaments of papillary horn is very similar in its dermal-epidermal interdigitation to that of baleen in whales (Boas, 1931; Homberger, 2000) . So, we have filaments growing out of the avian epidermis, and this may be relevant when we talk about the origin of feathers. Birds do not only produce feathers, they also produce keratinous filaments, and these are not primitive feathers-they have nothing to do with them, they are a different integumentary derivative. We have similar keratinized structures of papillary horn even in the rhamphotheca of some birds. So what we need to look for is the interaction and the structure between the dermis and epidermis to make some of these comparisons between different keratinous structures.
MADERSON MADERSON: Peter (Stettenheim)? STETTENHEIM: Absolutely. They are totally different in structure from filoplumes which may be aberrant, but they are definitely feathers. Filoplumes have a rachis, with barbs and barbules somewhere along them, and they arise from follicles. Beard fibers have none of that structure. They do not arise from follicles. They have a shaft that looks like solid epidermis. There is some mesenchyme in the core toward the base, however, they are very different in structure. Adding to what Dominique (Homberger) just said, while feathers are by far the predominant outgrowths there are other bizarre integumentary protrusions, and I am not talking about the wattles or the caruncles. I did not have time to show all of them yesterday. For example, a bird called the Horned Screamer (Anhima cornuta) gets its name from the long spike that arises from the top of the head. This structure has been described as a feather but it is not. It is another invention of the integument. There must be other examples.
SAWYER: In looking at the beard did you look at the electron microscopic level? Has anyone looked to see if there are really 3-4 nm filaments present? (No response).
MADERSON: I will read two questions that Lorenzo (Alibardi) addresses to Roger (Sawyer) and Alan (Brush):-''First, does the sub-peridermal ␤-keratin transient layer extend over other embryonic, i.e., apterous regions? Second, is the HRP (histidinrich protein) of chickens linked to bird 'keratohyalin,' or is it found only in ␤-cells?'' Keratohyalin is of course, in quotes because we all know the problem of the relationship between ''keratohyalin'' and ''keratohyalin-like'' proteins. Roger [Sawyer] would you address this first? SAWYER: The embryonic layers are all over the body of the bird. The original epidermis early on gives off a periderm and a sub-periderm. These two populations of cells really are separate from the epidermis itself. They eventually go on to form two unique layers. Actually, there are antisera that will identify the ␣-keratin peculiar to the periderm. There is a third layer that forms beneath the subperiderm in some regions, and I will mention that in a minute. These layers differ over different regions of the body. In general, these three layers are known as the embryonic layers, and they are thinner over the apterous regions than over the scales or the beak where they make very thick, elaborate layers. They possess both ␣-and ␤-keratins. Over the anterior metatarsal region, all the feather-and scale-type ␤-keratins are expressed in the embryonic layers. This keratin expression pattern is determined very early in development. It occurs before any morphogenesis of scales or feathers. Then, at 17, 18 or 19 days, the embryonic layers will undergo cornification, and if you extract those layers, you can pull out all of those ␤-keratins. If you look at the bottom of the foot, you will end up with about three of the ␤-keratins from the scale region. The apterous region expresses only a few of the ␤-keratins. We have identified at least spot 1 from the scale region, and there may also be some others. When you do tissue recombinants between dorsal and ventral regions of the foot for example, you find that the ectoderm expresses the same ␤-keratins that were originally expressed in the embryonic layers. For example, if you recombine the dorsal epidermis with dermis from the ventral side of the foot, which makes reticulate scales, you will end up with domes of ␤-keratin, all of which are the scutate scale-type ␤-keratins. If you do the reverse, you end up with the overlapping plates of the dorsal surface made from reticulate scale epidermis. In this case, only one or two of the ␤-keratins are expressed. So very early on, during limb formation, or during dorso-ventral patterning, all these events are influencing the genes in the ectodermal component that will eventually be expressed late in terminal differentiation. There is a lot of regional variability and regional patterning, and undoubtedly this relates to the patterned expression of regulatory genes and growth factors.
MADERSON: The third part of Lorenzo (Alibardi)'s question is:-''During the carving out of feathers, i.e., as the barb ridges separate from one another, are there any indications that apoptosis (programmed cell death) is involved?'' I will give you my insight while you are thinking about it. In reading the relevant transmission electron microscopic studies by Matulionis (1970) and Bowers and Brumbaugh (1978) , I could not see any indication of apoptosis, and neither author makes any mention of seeing it. Has it ever been suggested?
BRUSH: In development, when you have what is basically going to be the ramification along the barbs, there are genes active, and gene products there that are associated with apoptosis. So that, in a fashion analogous to how digits are formed by removal of the material between them, there is evidence from staining for enzyme activities, and particular BMPs (bone morphogenetic proteins), that apoptosis occurs and it is involved in the sculpting of the barbules along the length of the barbs.
MADERSON: Do you have the reference to that? Is that recent work?
BRUSH: (addressing Matthew Harris) Matthew, you have something to say?
HARRIS: There is a paper from Niswander's group, Science, 1996, I think (Zou and Niswander, 1996) . Basically, the paper looks at BMPs 4 and 7 (bone morphogenetic proteins 4 and 7) expression in the interdigital region of ducks and chicks as well as over-expression of a dominant negative receptor for BMP. The result of the over-expression of the dominant negative receptor is that you get ectopic feathers growing as well. They also looked at the expression pattern of these genes in the feathers and discussed their roles in maybe ''carving out'' the structure of the feather. The only comment that I would have to make is that the BMPs, as well as being involved in apoptosis, are potent morphogenic molecules for patterning. So, depending on the timing of expression, they will have very specific actions. And it is hard to say-in the wing we know enough about the timing of patterning that we can dissociate patterning events from apoptosis but I do not think you can say that for feather as yet.
MADERSON: Matthew (Harris), we talked about that paper the other day and I thought that you agreed with my reading of it. There was no actual demonstration that cell death was involved in any known epidermal differentiation.
HARRIS: I still agree with that. My comment here is that the BMPs may be playing a role in patterning and differentiation occurring there, and maybe not in apoptosis.
MADERSON: Oh, precisely. HARRIS: Other measurements have to be made-neutral red staining, apoptag, or something so that we can more directly associate cell death patterns with gene expression [see correction to Zou and Niswander (1996) by Laufer et al. (1997) ]. That has not been done yet. It may prove to be very interesting.
MADERSON: I would like to add to this question. While reading these papers recently, it has been my impression that the mechanism whereby the barb ridges separate from one another and sculpt out the barbules, probably involves many sequential changes in cell adhesion molecules. A start was made to the study of these in the mid-80s by C.-M. Chuong when he was working with Edelman in New York City (see Chuong, 1998) . Techniques have now advanced in our understanding of the molecular structure of intracellular junctions. That will be a most valuable future study, preferably accompanied by analysis of cytoskeletal changes, particularly in those cells that differentiate to form the hooklets and the various conformations of the barbs.
Let us go on. Sorry-Roger (Sawyer), you have a comment? SAWYER: Let me make one more comment about the embryonic layers. The mutant ''scaleless'' makes neither scales nor feathers. If you look at the embryonic layers on the anterior shank of the mutant, although scales never form, the embryonic layers produce all the scale ␤-keratins. So they are independent layers responding to signals other than morphogenesis of the actual appendage.
MADERSON: I cannot help reminding Roger (Sawyer) that when he sent me the reprint of that work many years ago, I took it and a number of other papers home to write lecture notes. About 10: 30 pm, I read that statement and thought, that has to be a typographic error, it makes no any sense whatever, so I called him at home. He said ''Yep, that is what we observed.'' I said that does not make sense. He said, ''We know it doesn't make sense but tell the bird that''-or something like that.
Let's move on to another topic-a question from Gopi (Menon) for Dominique (Homberger) . ''Have you noticed changes in feather musculature following changes of contour feathers to bristles-for example in the head of turkeys?'' HOMBERGER: I have not done any developmental work, but the turkey would be a very good specimen to study this. Although we looked very hard, we were unable to find muscles in the head and neck regions of the turkey where feathers were reduced and the skin was changed. We did discover apterial muscles elsewhere in the turkey integument, which other people had not seen. You have to know what you are looking for before you can see something. If they had been present, I am pretty sure we would have seen muscles in the apterous head and neck regions. Perhaps we should confirm this in histological and transmission electron microscopic sections. But as far as I know, there are no muscles when the skin is not thin and pliable, i.e., when it is carunculated, and this would make sense because it means that the skin is no longer pliable and movable.
MADERSON: Thank you Dominique (Homberger). A question for Gopi (Menon) from Berry Pinshow concerning facultative changes in the water vapor diffusion through the skin:-''How fast do these changes take place, and how are the lipids resorbed? I ask this is because I have found rapid and significant changes in temperature-dependent cutaneous water loss in free flying pigeons?'' MENON: Pigeons of course have a very leaky skin. You can actually increase the basal rate of water diffusion depending upon the ambient temperature. In zebra finches, where we have looked at these changes, we first looked at 16 hrs. I suspect it would be much before that, but we have not looked for the closest time point where it starts secreting the lipids.
SAWYER: Paul (Maderson), let me ask along those lines. . . ???
MADERSON: Just a minute Roger (Sawyer), Berry (Pinshow) wishes to respond. PINSHOW: You talk about 16 hrs in zebra finches. I am talking about much more rapid changes. There is definitely something happening in, I suspect, minutes which allows more or less water to diffuse across the pigeon's skin. Have you any thoughts on how that might happen? MENON: At this point, no. MADERSON: Roger (Sayer), you had a comment?
SAWYER: There is a mutant known as ichthyosis (the ichthyotic mutant) at the University of California, Davis. It was first known as the dehydrated mutant. Have you looked at that yet?
MENON: I did measure the water loss, and I did not find it to be different from that in the scaleless mutant.
MADERSON: Roger (Sawyer), given your knowledge of the mutants at the University of California, Davis, I will take the opportunity to ask, ''What is the morphology of the feather in the frizzled fowl?'' SAWYER: Alan (Brush) is the one to ask about that.
BRUSH: Just a tiny bit of background. Frizzled fowl produces feathers that look very much like adult down. This greatly reduces the insulation. These birds have been selected for their huge thyroid gland. They compensate for the energy loss by cranking up their metabolism. The question here is if you are organizing a feather, how is this simple Mendelian mutant reflected in the structure? In control contour feathers, there is a distal pennaceous portion and a proximal plumulaceous portion. How does the mutation affect this? The answer is that the bird does not make the pennaceous portion of the feather although the plumulaceous portion, the downy portion, exactly resembles the wild-type. So it is a deletion of the instructions to make the first formed pennaceous part. The bird grows the downy portion and we can show molecularly and structurally, that this resembles the downy portion of the normal feather. That is frizzled.
MADERSON: Thank you Alan (Brush). Paul (Davis) would like to make a comment, but I cannot read his note so I don't know what it concerns.
DAVIS: Returning to the palaeontological issues. As Larry (Martin) MADERSON: Again I will take the Chair's prerogative and jump in on that. From what I understood from your paper Paul (Davis), if people with your sort of expertise are presented with appropriate material, they would be able to look at a fossil and giving us a remarkable amount of good information concerning both its surface and also the mirror image. Consider one fossil that Larry (Martin) alluded to this morning, the one that got me interested in the problem of feather evolution over 25 yrs ago, the famous Longisquama (Maderson, 1972) . It has the sort of structure and the type of preservation that we are looking for because this gives us an opportunity to establish a bridge to the neontologic data. Now I would bet that it will be a waste of time anticipating that we are ever going to find the fossil evidence documenting the entire transformation series from a scaled archosaurian integument to what everybody would agree would be that of a bona fide bird. If we found at least one good impression, which we could all agree on, and such agreement would rely on the application of the very stringent methodological criteria that you outlined yesterday, then we would at least have something to say about what an intermediate might have been. We would then be in a position to discuss how the transformation from one morphologic state to another was achieved. Now you ask specifically what you should look for? I think of the slide that Sam (Tarsitano) showed this morning, scales in the lizard Sceloporus. This species has been a useful model in many aspects. The way the cells are produced from the germinal layer, and move over the scale surface, makes it a plausible model for looking at changes in cellular junction molecular biology that could then be applied to the study of existing feathers. By a process of elimination we could try to identify which are the neomorphs, if there are any. The ␤-keratins are a fascinating issue here and Roger (Sawyer) has indicated that he is pursuing this. That is where the best data are going to come in the next five or ten years. Understanding the evolution of this gene family can help us get a handle on the transitions from reptiles to birds in that context. Sam (Tarsitano), did you want to comment on that?
TARSITANO: First, having or not having information has never prevented anyone from making scenarios. Based upon what I have learned from Peter (Stettenheim) and his writings, and from other studies, one of the things that I would look for is the formation of the large dermal papilla being shoved up out of the skin. That is a feather-Lorenzo (Alibardi), I would like you to comment on this. If I were looking for something in the fossil record that would lead me to suspect that it had something to do with feathers, I would look for something like a hollow cone with, hopefully, some indication that at one time there was a dermal papilla lying within it. Having filaments sticking out of the skin is not a feather. Even though Longisquama has those lovely plumes, that does not mean that they have anything to do with protofeathers. There is a propensity in skin to make all kinds of things. But it does not necessarily mean they are homologous to feathers. If we know the development of feathers, and particularly on various levels, then we have a good idea as to what we should expect, although Nature always has many surprises to give us for this. I have looked at fiber patterns to some extent, and the shaft of the feathers, and the quill is made up of parallel fibers. You can see this for yourself when you make your cuts or look at it under an SEM. A structure taken at its whole is the way you should look at these things. The developmental inductions that are necessary, the interactions between tissues are extremely important, and the fact that the difference between scales and feathers begins very, very early. Certainly, the same tissues are used to make both, but that dermal papilla shoving itself up out of the skin is really what you look for in a feather. HOMBERGER: We have here a fundamental problem, because as we have seen, if we have a feather, we also have as very thin ␣-keratinized epidermis which will not be well preserved in the fossil record. But we have another line of argument that is probably worth following although I am not a palaeontologist. As Larry (Martin) and others (Czerkas, 1997; Martin and Czerkas, 2000) have shown, dinosaur skin consists of granulated scales. If you look at alligator skins, which also have such scales, then you do not find dermal muscles, because there is nothing to pull apart or push together in such skin. The types of scales that are present in fossils permit us to say something about the dermal musculature. Now, we know that when reptiles have imbricated scales, we do find dermal muscles (e.g., Buffa, 1905; Wiedemann, 1932; Gans, 1974) . So, because we know that feathers cannot appear without already having a well developed dermal muscular system, we may want to look at a model organism with imbricated scales for comparison. As far as I know, such an organism is very rare in the fossil record. But my bet would be to look toward this kind of scale to understand the evolution of feathers.
DAVIS: All palaeontologists know that you tend to find what you look for, the so-called ''collector bias.'' Most of us agree that most things are actually found in museums. There are no filoplumes or bristle feathers from the whole geological record. This is collector bias at work. If you see a thin brown smudge on a piece of rock you tend not to pick it up. It is just another brown smudge on a rock. But since anyone can identify a perfect dinosaur with some thin brown smudges sticking out of from it, you do pick it up. However, if those smudges were found in isolation, nobody would have ever bothered to pick them up or even suggest that they could be part of an integumentary structure. This is the reasoning behind the question:-''What we should really be looking for?'' An answer will help if we go back to museum specimens and try to find something that might be a protofeather.
MADERSON: I see your point. In that case, looking at the data from a non-palaeontologist's viewpoint, I suggest that your intellectual antecedents have done rather a good job of recognizing integumentary remains when they have found them. So we have a modest documentation of the general form of the archosaurian integument of Mesozoic material, going back about 100 yrs-something like that? The first reports concerned the famous hadrosaurs at the American Museum of Natural History. What I find interesting from the sum total of that work, is the fact that so many archosaurs went in for this tuberculate reduction, etc. I am sure that must have had some locomotory significance. Is that what you were going to comment upon Stuart (Sumida)?
SUMIDA: Actually, that is an important point. But I also wanted to take refuge in a classic bit of palaeontological back-pedalling-we always hide behind the incomplete nature of fossil record. I would wager that although there have been some intriguing and amazing discoveries concerning the integument of fossil archosaurs, the fact of the matter is that in looking at extant birds-even on a single individual, the variation in integumentary structure is remarkable. The types of feathers that you find on an individual and the patterning within the skin, depending on where you are in the body, is remarkable. I think it would be an oversimplification to say that the tuberculate skin often seen in dinosaurs, or in archosaurs, or in other fossil reptiles can be easily characterized. I would wager that the few types of fossil skin that we have found represent a fraction of what kinds of skin morphology might have existed in some of these fossil organisms. It would be unfair to simply classify archosauromorph fossil skin as tuberculate, there may have been many other types of skin. That being said, it is the best we have to work with. There are some extant organisms with tuberculate skin, chameleons are an excellent example, and Heloderma is another. A number of people have suggested these are skins that are very, very useful for dealing with tensile stresses during locomotion-an interesting topic. Another interesting topic is one where, once again, I will hide behind somebody else and note some of the things that Alan (Brush) has said about feather development. You don't have to have a scale. People might be surprised to see that I am agreeing with Sam (Tarsitano) as well-we are looking for that dermal papilla, we are looking for these derivatives of epidermal placodes, a fabulous theme within vertebrate biology. I do not think we necessarily have to invoke scales. The important thing is that this reopens the debate concerning the skin of dinosaurs. People point out that ''Oh, no, dinosaurs have tuberculate skin,'' or leathery skin, or something like that-No scales therefore no feathers. I suggest that you do not necessarily need scales to make feathers.
MADERSON: Dominique (Homberger)? HOMBERGER: If I may make a comment here. Maybe I should be more specific when I say dermal muscles. I mean the smooth muscles that are in the dermis. When reptiles use so-called ''dermal muscles'' for locomotion, these are actually subcutaneous muscles that attach to the skin but also to the body. I totally agree there are many of these muscles, irrespective of the scale type.
MADERSON: To my mind Dominique (Homberger)'s reevaluation of the nature of muscles in feathers raises two very interesting questions. I cannot begin to imagine how such as system evolved other than via modulation of a preexisting, rather Downloaded from https://academic.oup.com/icb/article-abstract/40/4/695/101820 by guest on 30 October 2018 precisely organized system. One of the features of the integument of sauropsid reptiles is that the dermis of each scale has a very complex three dimensional architecture, a feature which is completely absent from mammals. Whether it was ever present in synapsid ancestors we will never know.
By virtue of having the extraordinary arrangement of muscles associated with the feathers, birds have a unique organization of somatic tissues on the surface of the body. I find it very difficult to imagine how you could have lost a scaled integument, produced feathers, and then put muscles onto them. It is a little like putting up the interior walls on a skyscraper and then deciding to put in the structural steel after you have done the electrical work. Now what do we know about this particular aspect of the development of pterylae? Those of you familiar with the developmental literature will know what I am saying here, and Roger (Sawyer) can verify my scepticism.
Nearly 30 yrs ago, when everyone was looking frantically to discern the mechanisms underlying patterning and the emergence of form, extracellular matrices were all the rage. A report from the University of Chicago (Stuart and Moscona, 1967) suggested that in early development of presumptively feathered skin, there was an organized, extra-cellular, collagenous lattice, responsible for the formation of feather primordia. The report claimed that mesenchymal cells became oriented along this lattice and subsequently they were supposed to migrate to form focal mesenchymal condensations that were the precursors of the dermal papillae. That of course takes the problem back in time as to where or what organized the collagenous lattice in the dermal mesenchyme, but let's not get into that.
That picture of the involvement of organized extracellular matricial proteins as a basis for controlling cell behavior became a paradigm and still appears in textbooks (e.g., Carlson, 1996) . There is one small problem. Critical reading of all the papers which document that lattice and its alleged role in the development of feather germs raises some doubt as to whether the evidence was ever sufficient to state that the lattice preceded the presence of the mesenchymal condensations. There is no doubt that a lattice does exist, and mesenchymal cells certainly line up along it. However, if this is not a mechanism for spatially arranging feather germs, the question is, what is the significance of these cells? In the early stages of the organization of this symposium, I had a lengthy telephone conversation with Paul Goetinck, one of several workers who made major contributions to our knowledge of this lattice (Goetinck and Sekellich, 1970) . He shared my scepticism as to the morphogenetic role of the lattice and volunteered the hypothesis that the aligned cells represent an early stage in the differentiation of the muscles that Dominique (Homberger) is talking about. This is a Ph.D. topic waiting for someone to jump in on it. Roger (Sawyer) has been nodding sagely, have you been trying to find a graduate student willing to chase this problem? SAWYER: No, I will let Dominique (Homberger) do that.
MADERSON: Dominique (Homberger) you wanted to make a comment?
HOMBERGER: While I have not yet made developmental studies, I have looked at the structure of the animal very carefully. Feather muscles are oriented diagonally to the longitudinal and transverse body axes. Why is this? You can only understand this when you look at the entire bird and the movements of its body. Then you will see that the feather muscles are oriented diagonally because this is where elongating or stretching forces are absent. In moving birds the stretching forces are oriented longitudinally or transversely. Therefore, with the muscles arranged diagonally, the skin can be stretched longitudinally and transversely without elongating them. This ensures that feather movements are independent from body movements, and this is very important. We also see that the feather muscles are surrounded by an epimysium, the elastic membrane of which forms the framework for the hydraulic skeleton of the feathers. Although I am not a developmental biologist, I hypothesise that the basic pattern of dermal muscle orientation appears at a very early stage of embryonic development (see also Stuart and Moscona, 1967) , because the embryo moves in the egg. The normal tensions and stretches that appear through embryonic movement sets up the direction of the skeletal lattice that is made up by the connective tissue. The dermal muscle cells grow into this framework, and this is why we have this diagonal orientation of the feather muscles.
MADERSON: I would like to make a final comment on Dominique (Homberger)'s presentation. Until she showed a figure of the vasculature associated with feathers from Lucas and Stettenheim (1972) , a particular feature had not penetrated my understanding. There have studies on the vasculature of the scaled integument of lizards and snakes. There might be a report for crocodilians, I cannot remember. The interesting thing about this is that the hexagonal patterning of the scales is exactly tracked in arteries and veins in lizards and snakes. This has been interpreted as a mechanism ensuring that the blood supply does not get cut off during integumentary deformation, particularly during snake locomotion (White, 1957) .
What was noteworthy from the slide that Dominique (Homberger) showed yesterday is that when you look at avian pterylous skin from beneath, you see the hexagonal organization of the follicles, but the vasculature is not so patterned. This suggests to me that there has been a developmental reorganization of a system, perhaps analogous to the way the mammalian somatic musculature has lost any evidence of segmentation. During embryogenesis, you go straight to the direct differentiation of the longissimus dorsii series etc. I do not know whether even the general picture of the organization of avian somatic musculature has been studied in these terms. There may be some old descriptions but they would not have been followed in appropriate depth as could be done today. You are nodding your head Jim (Farlow), do you have a comment? FARLOW: No, I was just thinking that we will have to hurry if we are going to be done by noon. [Laughter] MENON: A recent report in Cell from the University of Chicago describes transgenic mice that overexpress beta catenins (Gat et al., 1998) . After birth, the neonates have a normal coating of hairs, but later new follicles developed between existing hairs, and they were all pointing in different directions. So I wonder if the subsequent development of the musculature, or lack of development of the musculature, or any aberrant development of the musculature is responsible for that abnormal orientation, or even pattern formation? Dominique (Homberger) , do you have any thoughts on that?
HOMBERGER: That is a most interesting comment. I do not have any data to give you an answer. It certainly fits into my plans to really look at mammals to understand birds better. I cannot give any definite answer at this time.
MADERSON: There was one anonymous question which I must read to you because I wonder if anyone can suggest why it was anonymous:-''What did the original, [equal primitive] feather look like?'' Let us go around all of the speakers, one at a time, to get individual responses to this question.
HOMBERGER: My view is that it is probably not biologically appropriate to ask:-''What is the original feather?'' because, when we look at the integument of reptiles, we do not ask:-''What is the original scale?'' Scales have various shapes, depending on where they are, because the integument interacts with the environment and mediates between the body and the environment. In different places of the body, you need to have different types of scale. If we accept that, it seems to me that, biologically, it is not correct to assume that suddenly there is only one type of feather. Probably there were all kinds of feathers right away when they first appeared, just as there are all kinds of scales in reptiles, and there are all kinds of scales in fish, depending on the region of the body.
MADERSON: Larry (Martin)? MARTIN: I would expect it to be a structure that is enlarged enough so that it would produce some drag in that it would have to extend from the posterior surface of the arms. This could be an elongated scale or it could be something that looks like the tip of a pencil as far as I am concerned.
MADERSON: Jim (Farlow)? FARLOW: I choose not to reveal my ignorance. [Laughter] MADERSON: Such refreshing honesty Warren (Porter)?
PORTER: I will offer a wild speculation. One of the things that has puzzled me is that it seems that we had mammals coevolving with birds. So you had at least two different protrusion-type structures that must have been coevolving. There must have been an awful lot of species out there that had something sticking up from their skin. When you look at fur, especially the really dense fur of mammals, you look at that underfur, and it looks like down. I mean, it is just like bird down, and you have a lot of fibers coming out of the same hole. That is an awful lot like the primitive bird in the early developmental stages of bird down. I am just wondering, I do not think there was an original kind of feather. In fact, I think maybe what we had happen was hundreds, maybe thousands of phenotypes, and out of those we had the selection of some very highly sophisticated, very highly specialized kind of structures. I think the original feathers were probably the whole landscape of them.
MADERSON: Stuart (Sumida)? SUMIDA: Unlike my esteemed colleague, Jim (Farlow), I choose to demonstrate my ignorance.
(Laughter). I can tell you what I do not think it will look like. I do not think it will look like the kind of structure that we see in Longisquama. Whether you believe that it is a model protoavian or not, I do not think that is what we are looking for when it comes to feathers. What I do recognize is that since we palaeontologists are hamstrung by the fact that everything we study is well-dead, developmental biology is important to our understanding of fundamental palaeontologic problems. Just as the work of Shubin and Alberch (1986) has helped our understanding of limb development, I think that the kind of work done on early feather development will show how basic developmental precursors can be elaborated into a variety of forms, and this will help give us some answers. That is my long preamble to the person who is sitting to my right.
MADERSON: Alan (Brush)? BRUSH: I would answer that question in the flip sense-it depends where you look on the body. We cannot identify a single original feather morphology because of the evidence from the fossil record. It seems as far as we can go back all types of feather existed. What happened was that the way the follicle itself is organized led to phenotypic plasticity from the very earliest times and it was just a series of switching between many ontogenetic alternatives. So the issue is not what was the original morphology of a feather, because there was no single, individual morphology, but the potential to produce a whole series of morphologies with some constraints. I mean, barbs lay in the same plane as does the shaft and we do not get feathers that look like test tube brushes. The plasticity was the key, but it all involved the same protein. You cannot tell by looking at a follicle what type of feather is going to emerge from it. Follicles can change. A single follicle will produce different morphologies on the same bird in the same spot depending on which generation the feather is. They key is in there. The extreme statement is that all morphologies were there primitively.
MADERSON: Sam (Tarsitano)? TARSITANO: It is a very difficult question to comment upon. I am going to say something again which I hope Peter (Stettenheim) will pick up on because we almost agree. The safest answer to the question:-''What would the most primitive feather look like?'' is, ''I don't know, you tell me.'' Basically I agree with Alan (Brush), a feather follicle can make different kinds of feathers. But they are just variations of having a circular system that grows in three dimensional verticalities. If you change the developmental times of certain parts, or differentiation of certain parts, you can make any of the kinds of feathers that we have talked about. So there is some plasticity. But apparently no matter what feather you look at, and I have not looked at all of them, you are always stuck with that circular follicle. Whatever you can do with that circular follicle, you can do, it will happen. So this may very well be a palaeontological question that will take many years to answer. While I understand that everyone in their own lifetime wishes to find the answers to everything, it may not be possible. Sometimes you find something fortuitously in the fossil record and you find some answers. As Giles McIntyre used to say:-''The fossil record only gets better, never worse.'' MADERSON: With that sagacity, we will pass it on to Peter (Stettenheim).
TARSITANO: The last thing I will still say is that you have to look for a structure that may not look like a feather but is on its way to becoming one. And that is to have a cone-shaped structure with a dermal papilla in it. I kind of suspect that I can go either way on this. An elongated scale would be fine, but I am kind of leaning toward the idea that feathers are something new. With that I will pass that on to Peter (Stettenheim).
STETTENHEIM: I agree. I think of the first step as not a feather or a scale or an elaboration of a scale. I think there were various kinds of new inventions and one of the points that I tried to make yesterday is that the integument has been very inventive, trying various experiments. The first thing that I would look for would be some cone-shaped epidermal projection, and very soon after that, which will not show in the fossil record, is the invention of the follicle. The follicle and the feather evolved together, they develop together, and the follicle is as important an invention as the feather. Now the curious thing about follicles is that while they produce an enormous variety of feathers, they are extremely conservative. You can look at all follicles for all kinds of feathers, anywhere on the body, in various kinds of birds, and the follicles are virtually identical except in size, and in the case of filoplumes, they do not have muscles. But there is no way that you can predict from looking at a follicle what kind of feather is going to come out of it. It looks as though once the structure of the follicle had been invented it seemed to have been a good mixing pot for then producing a variety of feather morphologies. I would like to step further on to what would be an early structure that we would see as a feather. I would see it as something resembling a semiplume. That is it would have a definite rachis and barbs coming out from it, and the barbs would be simple. I think they would have barbules without projections. The hooklets, which have been often mentioned, are quite elaborate, and they are in fact one of many kinds of projections. The hooklets do not work without the other projections. I think the interlocking mechanism evolved much later. But, you could have had a fairly flat, coherent-looking vane before you had all the hooklet mechanisms. Commonly, feathers on presentday birds have a pennaceous appearance without an interlocking mechanism to hold the barbs together.
MADERSON: Thank you Peter [Stettenheim] . Does anybody in the back row have any specific comments to make? We are really out of time, but if anybody has anything specific that does not repeat what has already been said, could we hear that?
There not being any offer I will once again assert the authority of the Chair and say that I know exactly what an early feather would look like. When I get enough money to buy a time machine, I would go back to the early Jurassic, I would find an arboreal-looking creature which looked awfully like one of my own beloved lizards and I would say ''there is another type of specialized scale for Maderson to write a series of papers on.'' Thank you.
(Applause)
